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Background
System science approaches are increasingly used to explore complex public health problems. Quantitative methods, such as participatory dynamic simulation modelling, can mobilise knowledge to inform health policy decisions. However, the analytic and practical steps
required to turn collaboratively developed, qualitative system maps into rigorous and policyrelevant quantified dynamic simulation models are not well described. This paper reports on
the processes, interactions and decisions that occurred at the interface between modellers
and end-user participants in an applied health sector case study focusing on diabetes in
pregnancy.
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An analysis was conducted using qualitative data from a participatory dynamic simulation
modelling case study in an Australian health policy setting. Recordings of participatory
model development workshops and subsequent meetings were analysed and triangulated
with field notes and other written records of discussions and decisions. Case study vignettes
were collated to illustrate the deliberations and decisions made throughout the model development process.

Data Availability Statement: The datasets
generated and analysed during the current study
are not publicly available as they contain
information that may identify individual
participants. The raw qualitative data are not
publicly available due to the ethical requirements of
protecting participant confidentiality. Requests for
regulated access may be directed to the Sax
Institute as the administering institution for this
research via their website https://www.saxinstitute.
org.au/contact-us/.

Results
The key analytic objectives and decision-making processes included: defining the model
scope; analysing and refining the model structure to maximise local relevance and utility;
reviewing and incorporating evidence to inform model parameters and assumptions; focusing the model on priority policy questions; communicating results and applying the models
to policy processes. These stages did not occur sequentially; the model development was
cyclical and iterative with decisions being re-visited and refined throughout the process.
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Storytelling was an effective strategy to both communicate and resolve concerns about
the model logic and structure, and to communicate the outputs of the model to a broader
audience.

Conclusion
The in-depth analysis reported here examined the application of participatory modelling
methods to move beyond qualitative conceptual mapping to the development of a rigorously
quantified and policy relevant, complex dynamic simulation model. The analytic objectives
and decision-making themes identified provide guidance for interpreting, understanding and
reporting future participatory modelling projects and methods.

Introduction
This paper contributes to the current knowledge gap about the development from qualitative
to quantitative modelling [1]. It examines the detailed implementation of the analytic processes and practical strategies used to convert the qualitative systems maps into a rigorous and
policy relevant dynamic simulation model. Dynamic simulation models are quantified, computer-based representations of complex systems that draw on best available evidence and provide a decision support tool to conduct policy experiments and forecast potential impacts. The
models enable working hypotheses of causal pathways to be explicitly and quantitatively operationalised to evaluate the effectiveness of potential interventions, or combinations of interventions, via computer simulation before they are implemented in the real world [2–6].
This paper provides a qualitative analysis of the stakeholder deliberations and decisions
that occurred within an Australian health sector participatory modelling case-study. This case
study applied the participatory approach to the development of a multi-method (or hybrid;
these terms are explained below) dynamic simulation model focusing on diabetes in pregnancy. We present the findings together with real-world examples of some of the core questions and decisions made, to inform health service researchers, policy makers and modellers
who may be considering undertaking participatory modelling projects. The findings detail
important aspects of project implementation, and the types of input from end-user participants. This includes the feedback, critiques, issues raised, and questions asked by stakeholders
as part of their engagement in the participatory modelling process; their analytical and material contributions to model development and peer-to-peer learning; and their role in the process of identifying and selecting different forms and sources of evidence. We also report on the
intellectual and practical challenges experienced by the core model building team—and strategies used to overcome them, as well as the overall challenges and significant opportunities arising from the participatory process itself.

Background
Knowledge created through application of the scientific method requires effort to translate
into action [7]. Knowledge mobilisation is defined as a dynamic and iterative process that
includes synthesis, dissemination, exchange and application of knowledge to improve health,
provide more effective health services and products and strengthen the health care system [8].
It is widely acknowledged that using research evidence for policy and practice is an emergent
and context dependent process, that relies on relationships, and can be time consuming and
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lack clear policy direction particularly in the face of complexity that characterises many of our
persistent health and social problems [9–13].
The many synergies of combining evidence-informed policy principles with systems science methods are increasingly recognised [14]. Systems science encompasses a range of
approaches that can be used to explore and understand public health problems as complex systems; in order to intervene more effectively and adapt to each particular context [15–19]. Key
elements of a systems science approach include synthesising diverse knowledge and evidence,
exploring the potential for non-linear relationships between contributing factors, and identification of unanticipated emergent behaviour of the complex systems (including policy resistance) [15, 19–22].
The collaborative exploration of a complex issue or problem using systems thinking can
generate a conceptual system map which reflects the qualitative, group understanding of the
complex issue [23, 24]. These qualitative maps and models can engender a high degree of
ownership and consensus about the nature of the problem, as they are based on the collective
expertise of the participants involved [25]. However, the practical application of these maps in
exploring and testing hypotheses about the impact of policy intervention options is limited
[25, 26]. Such hypothesis testing and comparison of the impacts of alternative scenarios relies
on subsequent rigorous quantification of the components, connections and relationships that
comprise the system using methods such as dynamic simulation modelling [25–27]. Simulation modelling allows experiments to be conducted to see how a system behaves under different conditions and scenarios [22, 28]. The postulated theory of causation is refined and shaped
through the participatory process of model building [6]. The process can enable health policy
and practice decisions makers to sharpen their understanding of the key components and
behaviour of a health-related issue as a complex system [6, 21, 22]. Once commissioned, these
models allow decisions makers to draw on and learn from this joint understanding to better
inform their policy and practice decisions [6, 9, 15, 21, 22, 28–30] and further model development and modification, post-commissioning, facilitates ongoing learning [6].
Participatory modelling approaches are an important feature of system dynamics modelling
and have been widely adopted in environmental modelling projects [1, 26, 27, 30–39]. Many
guidelines and principles for participatory modelling have been developed with varying
degrees of prescriptive detail [30, 32, 36, 40, 41]. The guidelines commonly emphasise the principles of: careful planning for stakeholder engagement; awareness and management of social
and group dynamics; flexibility and responsiveness to stakeholder input; iterating and refining,
being open and transparent; accepting uncertainty; and encouraging learning through theory
building and hypothesis testing [30, 32, 36–43]. The implementation of these principles of
participatory modelling processes are often not well described, or only reported in narrowly
defined discipline-specific forums (e.g. system dynamics projects reported in system dynamics
journals), thus limiting opportunities for interdisciplinary learning for public health policy
and practice [25, 44, 45].
Many participatory modelling projects have focussed efforts on qualitative mapping or
semi-quantitative modelling of systems using methods including fuzzy cognitive mapping,
rich picture diagrams, causal loop diagrams and systems structure diagrams [1, 23–26]. Understanding the process of transforming these representations into quantitative models is important, particularly for complex, quantitative models developed with an inter-disciplinary
participant group, such as the one described in this case study [1, 36, 41]. More detailed understanding is needed about the participatory modelling process and the impact of facilitators and
constraints [25]. Recent multi-method and systematic reviews of knowledge mobilisation and
participatory dynamic simulation modelling across health and other sectors also conclude that
more knowledge is needed about which approaches work best, in what settings, and how and
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why they are effective [42, 46, 47]. Effective learning about the future role of systems
approaches will come from natural experiments and case-studies, and the field of knowledge
mobilisation will benefit from empirical studies of participatory modelling in applied ‘realworld’ settings [46, 48, 49].
Three case studies, focusing on alcohol related harms, childhood overweight and diabetes
in pregnancy, utilising participatory dynamic simulation modelling methods have been implemented in Australian health policy settings [50–55]. Key aspects and activities of the novel participatory modelling methods used to collaboratively develop qualitative representations of the
complex systems being modelled; participant experiences of the modelling process; and the
model outputs and their application as decision support tools have been described elsewhere
[50, 51, 53, 56, 57]. This paper focuses on the diabetes in pregnancy case study. It reports the
findings of a qualitative analysis undertaken to examine the stakeholder deliberations, analytic
processes, and decisions involved in using a participatory process to transform qualitative conceptual maps of diabetes in pregnancy into a quantified dynamic simulation model.

Case study context
Diabetes in pregnancy (DIP) is a complication of pregnancy that is defined as carbohydrate
intolerance resulting in hyperglycaemia (abnormally high blood sugar). It includes women
for whom the first recognition or onset of the condition occurs during pregnancy, as well as
women with pre-existing type 1 and type 2 diabetes mellitus [58]. The prevalence of DIP is
increasing both in Australia and internationally [59], and increasing the burden on the health
care system. Approximately 16% of women who gave birth in the Australian Capital Territory
(the case study focus region) in 2016 were diagnosed with diabetes in pregnancy, increasing
from 6% in 2008 [60]. There are short- and long-term health risks for both mother and baby,
including increased risk of birth injury in the short term and development of diabetes later in
life [61–64]. The available evidence does not definitively guide health services on how best to
prevent and manage DIP. For example, questions regarding the timing and methods of prevention and screening, criteria for diagnosis, targets for treatment and differential effects of
treatment are all current challenges for DIP policy and treatment planning [65–68]. These
issues cross the spectrum from specialised clinical management to population health interventions and such policy and service decisions are likely to benefit from sophisticated analytical
tools, such as dynamic simulation modelling.

Methods
The qualitative study involved analysis of data methodically collected during the participatory
process for the development of a dynamic simulation model for diabetes in pregnancy (the
case study). The case study (Box 1) and the participatory modelling process (Box 2) are
described below to provide background contextual information. The data sources and qualitative analysis methods for this study are described below.

Data sources
Data sources for preparing this paper included recordings of participatory workshops (n = 3),
web-based meetings with participants (n = 3) and model development meetings (n = 3) with
the core modelling team. The face to face meetings were audio recorded and photographed
and the web-based meetings were audio-visually recorded. The core modelling group comprised of 11 people including computer scientists, computer science students, public health
practitioners and medical specialists. LF, JA, GM, NO and PK were members of the core
modelling group. Key meetings with members of the core model development group were
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Box 1: Case study description
Researchers partnered with an Australian jurisdictional health department, and a multidisciplinary group of stakeholders including clinicians, health economists, public health
practitioners, simulation modelling experts and health policy decision makers, to coproduce a sophisticated, multiscale dynamic simulation model to support health policy
and practice decisions for diabetes in pregnancy. The case study, participants, key project roles and participatory processes have been described in detail elsewhere [51, 54, 57].
The hybrid model was developed between 2016 and 2018 and integrates multiple modelling methods (agent-based, system dynamics and discrete event simulation modelling—
see the following references for more information about these modelling methods [32,
69–72]). The purpose of the model was to explore short- and long-term implications of
rising rates of diabetes in pregnancy and associated risk factors. The model simulates
alternative policy, program, and clinical intervention scenarios to inform prevention
and management decisions [51, 54].

audio recorded and one was professionally transcribed as a resource to facilitate the documentation of the model. Additional data included the written records and field notes from model
development meetings, including a key modelling team meeting held after the first workshop
where the qualitative conceptual map was synthesised. The field notes were based on observations of the participatory workshops, workshop debriefing discussions with research officers
(EO, NR, JD and CW, see Acknowledgements) and reflexive discussions regarding the model
development process between the authors. Email communications with participants were also
compiled for triangulation with the other data.

Data coding and analysis
The analysis presented in this paper builds on previous work focusing on the experiences and
perceptions of decision makers who engaged in the participatory modelling processes [57].
The previous analysis was conducted using grounded theory, whereas this data coding and
analysis used thematic analysis focusing on the research questions outlined below. It was
guided by the “theoretical” approach to thematic analysis described by Braun and Clarke [73]
with the focus being guided by the researcher’s analytic interest, and therefore more explicitly
researcher driven than inductive coding and analysis [73]. The thematic analysis focused on
the problem solving and decision-making processes underlying the explicit activities in which
stakeholders participated during the model development described in Fig 1. The analysis was
guided by the following research questions: What were the key elements and features of the
participatory approach that were required to successfully develop a policy relevant dynamic
simulation model from a qualitative systems map? What types of questions were asked by the
stakeholders, what concerns and issues were raised, and what was the feedback from participants during the process? What challenges and tensions arose in the process and how were
they managed?
The audio-visual recordings were viewed, coded and analysed by the lead investigator (LF).
Field notes, observations, records of reflexive discussions, email exchanges and recordings of
meetings / workshops were analysed progressively by LF and discussed regularly with JA, and
LR throughout the process. An iterative process of descriptive coding and analytical memos
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Box 2: Participatory modelling process
An overview of the approach used to build the dynamic simulation models using participatory methods has been described previously [51]. Broadly, this involves an iterative
process of convening expert stakeholders, conceptual problem mapping, synthesising
evidence, quantifying the key dynamic relationships within the system, presenting
model versions to participants and end users, refining the model, and applying the
model to support evidence-informed dialogues about policy options.
The end-user participants were central to the model development process. Contact was
initiated early and engagement was negotiated to ensure that the scope of the model
reflected key policy and planning questions, the interaction of key risk factors, and context specific intervention priorities [51]. The participatory process involved workshops,
web-based and face-to-face meetings and ongoing communication via email or telephone. Participants had differing levels of intensity and duration of involvement in the
project, ranging from those who contributed to group activities primarily as workshop
participants, to others who also contributed as workshop facilitators, attended the regular project team meetings, and facilitated subsequent communications about the application of the model.
An overview of the activities involved in the participatory process is presented in Fig 1.
Workshops were conducted where participants interacted and engaged in group activities to develop conceptual maps of the factors contributing to diabetes in pregnancy and
its potential outcomes. During the workshops, they also discussed the quality and availability of evidence to inform the model development, prioritised interventions and outcomes to be explored in the model, and provided feedback to refine the model. The
model development process was iterative at every stage, with the core model building
team gathering information from participants, integrating it with other evidence and
data sources to inform the model development process and receiving feedback from participants before proceeding to the next step (Fig 1). Interaction with participants also
occurred between workshops, and continued for some months after the final workshop.
In the later stages of model development, the iterative feedback process centred around
the presentation and discussion of the model results.

was used to develop themes and conceptual categories and explore their inter-relationships.
Themes and insights were triangulated across the different data types and sources. The progressive analysis was further revised as new data was incorporated. Analytic memos written
by LF were shared with JA and LR to facilitate the analysis review process. Vignettes based on
data from the case study were written to demonstrate practical examples of important decision
points and the processes used to develop model components.

Ethics and consent to participate
This study was reviewed and approved as low risk by the ACT Health Human Research Ethics
Committee (ACTHLR.15.150) and the University of Notre Dame Human Research Ethics
Committee (0151195).
All participants gave individual written consent, were assured of confidentiality, and were
free to withdraw from the study at any stage.
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Fig 1. Overview of activities involved in the participatory process.
https://doi.org/10.1371/journal.pone.0218875.g001

Results
The qualitative analysis uncovered the iterative cycles of engagement, analysis, negotiation and
refinement involved in the process of developing a dynamic simulation model as a quantified
decision support tool for diabetes in pregnancy. The core analytical objectives and decisionmaking themes involved in the participatory model development process are described below
and represented in Fig 2. In summary, the process of engaging with participants to develop a
quantitative model involved five distinct phases including: (i) defining and negotiating the
model scope; (ii) finding, critiquing and using evidence; (iii) analysing and refining the model;
(iv) ensuring that the model remained focused on priority policy questions; and (v) engaging
with, evaluating and communicating model outputs. Each of these phases are explained in
detail below. The schematic diagram in Fig 2 illustrates how each of these conceptually and
practically distinguishable aspects of model development involved interaction and engagement
with participants at the centre of the process. However, it is important to note that these phases
did not occur in any linear or chronological order. Instead interactions and discussions that
occurred later in the model development process, as the model was analysed and refined,
resulted in earlier phases being re-visited and refined or revised. The results section concludes
with a description of the overarching challenges that arose from the participatory process itself,
and the strategies used to overcome them, as well as the model application opportunities that
resulted from the participatory process. A glossary explaining modelling terms is provided in
the supplementary file: S1 Glossary.

Defining model scope
A primary aim of the first participant workshop was for the core model building team and
workshop participants to jointly conceptualise and qualitatively map the ‘system’ of Diabetes
in Pregnancy in the form of a ‘draft model structure’. In this instance, it was represented in the
form of ‘state charts’ as used in agent-based modelling methods [51, 54]. State chart elements
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Fig 2. Overview of the analytical objectives and decision-making processes involved in the participatory development of a dynamic
simulation model.
https://doi.org/10.1371/journal.pone.0218875.g002

relating to diabetes in pregnancy were derived from discussions with participants prior to the
first workshop and were pre-printed and presented as a draft model structure to facilitate the
activity. Participants were invited to add to and modify the draft model structure and encouraged to highlight and explain the interconnections between the components of the system, any
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Fig 3. Problem conceptualisation map from participant workshop 1 (detail).
https://doi.org/10.1371/journal.pone.0218875.g003

changes over time, feedback loops, and sources of inertia and delay. The problem conceptualisation for diabetes in pregnancy as it appeared at the end of Workshop 1 is shown in Fig 3.
The participants’ initial problem conceptualisation was a detailed, qualitative representation
of the interacting factors contributing to the development of diabetes in pregnancy, jointly
developed to incorporate the multiple perspectives of the expert participants. However, the
initial map developed in workshop 1 (Fig 3) required further synthesis and refinement of its
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Table 1. Factors influencing the development of diabetes in pregnancy prioritised from problem
conceptualisation.
Factor

Examples

Family history / genetic
factors

Family history of obesity or diabetes

Food environment / diet

Unhealthy diet, access to healthy foods, food security

Physical Activity

Level of physical activity or sedentary behaviour, physical environment

Health state

Diabetes in previous pregnancy, other obstetric risk factors, personal history high
birthweight

Health care system

Universal or selective screening, access to health care, government policy

Metabolic functioning

Glycemic regulation, insulin sensitivity, weight status, gestational weight gain

Non-modifiable factors

Maternal age, high risk ethnicity, migration

Psychosocial factors

Social network, education level, cultural norms, psychological factors

Events

Examples

Medical interventions

Screening, specialist services, diabetogenic medications, bariatric surgery

Model components

Examples

Agent types

Mothers, babies, health care workers

https://doi.org/10.1371/journal.pone.0218875.t001

conceptual representation before it could be operationalised as a computational model. To
achieve this, the core model development team, in subsequent consultation with the expert
stakeholders, used the map and voice recordings of the mapping exercise to identify important
themes, events and interconnections to be captured in the model. This involved systematically
reviewing the diagram to determine the priority factors that influenced the postulated causal
pathways, and the most important events and agents to be quantified in the model. These factors are presented in Table 1. For example, factors were prioritised for inclusion in the model
if they were identified in multiple places in the concept map, or emphasised by stakeholders as
influencing causal relationships between, and transitions within, the developed state charts.
The modelling methods used in the case study included system dynamics, agent-based and
discrete event modelling—a decision that was primarily made by the technical expert modellers, in consultation with the others in core modelling group. The current understanding of
the aetiology of diabetes in pregnancy (as described in Vignette 1 below) facilitated decision
making about the modelling methods. Advances in computer simulation tools have meant
that the multiple modelling methods mentioned above can be used in a single model, allowing
focused selection of the most appropriate method to articulate different components of the
model. This flexibility leveraged the advantages of each method without needing to constrain
the representation with the limitations of a single method. Aggregate model components, such
as with system dynamics, don’t allow for exploration into individual differences in predisposing factors, adherence to diet or medication, or other circumstances such as social determinants of an individual’s health. Therefore, agent-based modelling methods were chosen to
enable the exploration of individual differences in predisposition and risk exposures. Agentbased modelling methods were also used to capture individual trajectories through risk exposures, inherited risk due to maternal history and ethnicity and consequent development of disease. A system dynamics stock and flow ageing chain structure was initially chosen to initialise
and represent the population. Population members who met the definition for ‘high risk’, i.e.
according to the Australian Diabetes in Pregnancy (ADIPS) definition, ‘budded’ from the
aggregate stock and flow structure and became agents within the model. Agent-based modelling state charts were implemented to represent pregnancy transitions, weight transitions and
the development of diabetes. Discrete events simulation components were implemented to
represent agent use of health services.
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Fig 4. Simplified model structure presented in workshop 2.
https://doi.org/10.1371/journal.pone.0218875.g004

Analysing and refining the model to maximise relevance and utility
Versions of the model were presented back to participants at the second and third workshops
and other web-based meetings to demonstrate how the core modelling group had operationalised the qualitative conceptual map of diabetes in pregnancy. The participants’ analysis and
critique of the evolving model were an important contribution to improving the structure, and
refining the causal pathways, and their underlying logic and assumptions.
We include here an illustrative example of how the evolving draft model was presented to
participants in the second workshop using a simplified representation of the model elements
in Insightmaker™ (Fig 4). The examples of agent”life stories”, presented as clinical case histories, were used to talk participants through the model structure and logic.
For the expert participants, particularly those from clinical backgrounds, the presentation
of individual case histories, as “stories” from the model, was a familiar and well-understood
method of communication. It provided an opportunity for participants to become familiar
with a strategic view of the model, without becoming swamped by the detailed structures used
in modelling software. Participants asked questions of the core modelling team, clarified the
use of terminology, and helped to refine the model logic. They also provided feedback based
on their clinical and policy expertise that identified important gaps in the model; for example,

PLOS ONE | https://doi.org/10.1371/journal.pone.0218875 June 27, 2019

11 / 27

Turning conceptual systems maps into dynamic simulation models using participatory methods

the need to incorporate a representation of the complex heterogeneity of diabetes aetiology as
discussed in Vignette 1.
Vignette 1. Improving the representation of the development of diabetes in pregnancy
An issue raised frequently during workshops and meetings was the complex heterogeneity in
the development of diabetes in pregnancy. Participants emphasised that the causal mechanisms for development of the condition were complex, multifaceted and an area requiring
further knowledge development. For example, a baby may be born with diminished beta cell
mass and function due to genetic predisposition. The intrauterine environment also impacts
on risk; being exposed to dysglycemia (high blood sugars) in-utero can lead to short- and longterm effects on the baby including macrosomia, risk of high weight status in childhood and
adult life and increased risk of early development of diabetes. The causal mechanism for diabetes development in some individuals was through increased insulin resistance, however for
others, declining beta cell mass and function was the driving factor. A third group experience
a combination of both. These causal mechanisms were also influenced by non-modifiable factors, such as ageing, and modifiable factors, including weight status, diet, and physical activity
levels.
The definitions used in the model were aligned wherever possible with those used in
accepted clinical guidelines, and the collaborative process of deciding on the terms and definitions helped to facilitate shared understanding of these within the group. Participants also proposed credible assumptions to be used in the model e.g. all women from ethnic groups defined
by ADIPS as high risk should be defined as “high risk” in the model. Versions of the simplified
model were printed and used in small group activities in workshop 2 to map directly to the
model architecture the prioritised interventions, as identified by the group (Fig 5). This decision making process was aided by technological advancements in the user interface of the
selected modelling software, so that ‘state charts’, ‘action charts’, ‘stocks and flows’, and process
modelling components can be used to replace thousands of lines of code to clearly visualise
and communicate model logic and thereby facilitated transparency and enabled stakeholders
to meaningfully critique the model.
The repeated opportunities for stakeholder participants to actively interact with and discuss
the model allowed them to test the evolving model structure against their “real-life” professional experience of working in diabetes in pregnancy research, policy and practice. It also
allowed the modellers to test their own understanding of the issue (and how this knowledge
had guided their technical model development) against the knowledge of content experts
working in the field. The multi-disciplinary group of health sector participants brought to
modelling discussions a breadth and depth of knowledge and rich experience regarding the
issue that would be impossible to gain from reviewing the data / literature alone. Participants
were able to contextualise the logic and structure of the model, identify additional questions
and data to be investigated, and additional factors to consider for inclusion.

Finding and using the best available evidence
Over the duration of the model development process many published studies and other evidence sources were synthesised and used to inform assumptions and parameter values in the
model. Participants were motivated to understand and review the data and evidence utilised
and demonstrated their strong commitment to this process by continuing to engage and
respond to requests for evidence. The potential sources of data and evidence that could be
used to inform the model were, therefore, an important focus for discussion at workshops,
meetings and out of session communication. Participants drew on their extensive knowledge

PLOS ONE | https://doi.org/10.1371/journal.pone.0218875 June 27, 2019

12 / 27

Turning conceptual systems maps into dynamic simulation models using participatory methods

Fig 5. Intervention mapping to model architecture from workshop 2.
https://doi.org/10.1371/journal.pone.0218875.g005

of the literature, identified and explained the most relevant studies and their main findings,
and offered advice to the modelling team about local population characteristics, exposures,
and service variations that contextualised published study results. Importantly, participants
also identified limitations of the available evidence and data, such as quality concerns about
identification of diabetes in health service administrative datasets.
Agent-based models are valuable to explore individual differences in disease aetiology;
however, they can have substantial data needs, and complex models like the diabetes in pregnancy model require quantification of many parameters and relationships between model
components. Requests for evidence were circulated to the participant group for discussion as
they arose during the model development. There were many requests for evidence that were
identified by the core modelling team and discussed with participants during the model development process. Some examples include:
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1. What is the probability of adverse perinatal outcomes for women according to their level of
glycemic control during pregnancy (normal through to high levels of dysglycemia)?
2. Relating to the mechanism by which exercise affects insulin sensitivity—is it direct or moderated through weight status? Can physical activity have a positive impact on metabolic
function but no impact on weight status?
3. What is the effect of insulin during pregnancy and does it differ from pre- or postpregnancy?
These questions were framed with a brief contextual explanation of the model pathways
and structures that required the additional information. Where possible, participants answered
these questions by referring the core modelling group to quality published studies, including
randomised control trials and prospective longitudinal outcomes studies where available; providing health service administrative data; or providing expert advice based on their extensive
experience. The core modelling group also independently searched the literature for evidence
and conferred with the expert participants about the robustness and appropriateness of the evidence identified before and while it was used to inform model development.
The expert participants were also able to critique and identify limitations in the published
literature and health service data as well as knowledge gaps. For example, the health service
routinely collects perinatal statistics with respect to perinatal outcomes, such as birth weight
and admission to neonatal intensive care, however, only diagnosis of DIP is recorded and
not level of glycemic control during pregnancy. These data were therefore unable to directly
inform relationships between glycemic control and perinatal outcomes to answer question 1
above; and more detailed studies in the published literature were utilised instead. Where the
published evidence was relevant but not specific enough to apply to the local context, it was
often used to assist with calibration or validation rather than used as input parameters i.e. it
was used to evaluate the model behaviour rather than as evidence incorporated into the model
equations.
A common question that arose during the model development process was what to do
when there was insufficient local data or other published evidence to inform the model structure or parameterisation. Strategies such as calibration of key parameters using historic trends
for diabetes in pregnancy incidence and sensitivity analysis were utilised. These strategies are
established in modelling literature and practice as robust methods to address these common
modelling challenges but were unfamiliar to many participants. However, the mutual respect
that had developed between participants and the core modelling team and the recognised
value of dynamic modelling as a learning tool were helpful sources of confidence. The overall
framing of the process was that dynamic simulation modelling is a tool that allows contributors to articulate a hypothesis of complex causal pathways in the emergence and progression
of disease (including possible latent factors) by bringing together best available evidence and
data, and then testing and refining that hypothesis through computation, simulation and validation against real-world historic data patterns.
Sensitivity analysis was used to determine which uncertain parameter estimates were most
important to the outcomes of interest, which informed priorities for future research. This
identification of future research priorities was another function of the modelling process that
was highly valued by the participants.
Finally, the DIP model also utilised, as sources of evidence, the existing diabetes modelling
literature. For example, existing, peer-reviewed mathematical models of diabetes progression
were presented and explained to the clinical and policy expert participants for consideration
as evidence to help quantify parameter estimates and equations, such as those representing
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variations in the development of diabetes. These mathematical models enabled the modellers
to quantify and operationalise the latent variables and causal mechanisms underlying the heterogenous development of diabetes, an identified gap in clinical diabetes research. Grounding
the model in this established, and peer-reviewed, mathematical literature also enhanced the
rigour and reliability of the model outputs.

Focusing the model on priority policy and program questions
The model was primarily developed as a planning tool for exploring the resource implications
and service costs of alternative policy and program options. Participant feedback guided decisions about which components of the larger system model of DIP would be prioritised for
these health service decisions. They selected alternative health service options and service pathways as a priority for inclusion in the model.
The expertise of the participant group grounded the model in the real-world experience of
intervention effectiveness. For example, studies of interventions delivered during pregnancy
to prevent the development of diabetes have yielded disappointing results, and it was deemed
important for the model to be able to compare early intervention options. Pre-pregnancy
and inter-pregnancy interventions were prioritised for inclusion in the model; both at the
population level, and those targeting high risk women. The mechanisms for impact were
mapped to the printed model structure during the workshops and subsequent discussions.
Participants indicated the transitions, states, parameters and other structures that were likely
to be impacted by each intervention. For example, for interventions targeting weight loss, the
impact on the weight status state chart were discussed by the group, and then mapped to indicate how this could flow through to impact on other model structures. These discussions with
participants guided the core modelling group where to focus their efforts to ensure that the
necessary components were operationalised to allow the most important policy and program
questions to be explored (Vignette 2). Based on the detailed understanding of the expert participants, the structure of the model captured the impact of duration and level of exposure to
dysglycemia on beta cell function for individual agents, and thus enabled the testing of both
clinical and lifestyle intervention strategies targeted at different stages of the life course.
Vignette 2. Accurately capturing impact of prolonged exposure to dysglycemia on intervention
effectiveness
Participant input emphasised that the model needed to account for the length of exposure to
dysglycemia as this has a significant impact on intervention effectiveness. When a person is
exposed to dysglycemia for an extended period of time, they lose effective beta cell function,
and therefore, the ability to recover glycemic control even after engaging in an intervention. In
contrast, an individual who has just been newly diagnosed with impaired glucose regulation
or diabetes in pregnancy can recover glycemic control if they engage in physical activity or
dietary modifications that lower their blood sugar levels and reduce damage to their beta cell
function. Early interventions, for example, for a woman who experiences gestational diabetes
in her first pregnancy, may therefore have more effectiveness than interventions for people
with prolonged exposure to poor glycemic regulation.
These important policy and planning questions focused on the underlying physiological mechanisms impacting on intervention effectiveness. They motivated the development of more
detailed model mechanisms to capture the impact of actualised glycemic control on both
maternal and perinatal outcomes. A detailed articulation of glycemic control, rather than
simply considering the diagnostic status of an individual agent in broad terms, was required
for the model to robustly explore clinical intervention scenarios of interest to participants.
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Engaging with and communicating results and applying the model
Being open to and welcoming critique from diabetes experts was key to genuine co-design
of the model. It was also important to ‘socialise’ the results of the model; that is, to test them
against the knowledge and experience of the participant group. Viewing and discussing model
results / outputs was a critical phase of the model development process and was essential to
more fully elicit the expert knowledge of participants. Two types of knowledge were elicited
through discussion of model outputs, namely: tacit expert knowledge, i.e. the knowledge that
people generally won’t mention unless prompted; and explicitly considered expert knowledge
that couldn’t be applied to the model directly, i.e. knowledge that wasn’t reducible to any
one parameter or assumption and instead reflected the emergent behaviour of the system. In
both cases, the elicited knowledge served as key sources of evidence to challenge the working
dynamic hypothesis captured in the model. Simulation experiments enabled examination
of the logical implications of the hypothesis, represented in the model structure, logic and
assumptions, by exposing the performance of the model for outcomes of interest. For example,
increases or decreases in insulin sensitivity occurred for individual agents in association with
other physiological changes, such as pregnancy or weight gain or loss. This was consistent with
the elicited knowledge from participants and the empirical evidence.
Viewing and discussing the model results also ensured that the model had fidelity i.e. that
it produced results that were consistent with retrospective data and considered plausible by
experts working in the field. These discussions emphasised that the model was not a “crystal
ball” that would discern the future with pinpoint accuracy but could be used to make robust
forecasts and enhance understanding about the relative value of alternative policy and planning choices. Full transparency about how the model scope was defined, and the limitations of
the underlying data, also ensured that the participants were informed about its strengths and
limitations, and thus more confident to make decisions about its application and value.
Storytelling was an important communication tool used in the model building process, and
in discussing model outputs. The “life stories” of agents in the model were used throughout
the participatory process to communicate the model structure and its capacity to demonstrate
health outcomes at an individual level. Agents in the model were born with a risk profile based
on both their mother’s history and her glycemic control during pregnancy. The agents aged
during the model run time (80 years), gained and/or lost weight, underwent lifestyle and medical interventions, and experienced their own pregnancies. The model captured information
(outputs) for individual agent health outcomes that both influenced feedback loops within the
model and could also be used to report statistics from the model. This functionality offered
great power to support telling rich and compelling stories that illustrated the textured evolution of agents over time. The presentations of individual trajectories were an effective communication tool to improve participant understanding of the model structure and logic. The
communication of agent stories as “case histories” facilitated the ability of participants to relate
the model logic and assumptions to their real-world experience providing services to women
with diabetes in pregnancy. The process prompted questions and comments and facilitated
participants’ engagement in analysing, refining and informing the model.
Storytelling for individual agents was also viewed by the expert participants as a valuable
tool to communicate model results to a broader, less technical, audience. During discussions
about the model outputs, participants identified that presentation of the knowledge gained
from the model development process, as well as the results it produced, would be a critical
determinant of knowledge mobilisation and communication with a broader audience. But
they also reported that despite the improved transparency of the new software interfaces, the
sophisticated and highly technical nature of the model would be a barrier to developing clear
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and easy to understand policy messages. Thus, supplementing model outputs with storytelling
about individual patient journeys was viewed as a powerful tool to ensure that the results
were relatable and easily understood. A plain language fact sheet was developed for the
model incorporating both real-world and individual agent stories and is available at: https://
preventioncentre.org.au/wp-content/uploads/2018/08/080818_Diabetes_FactSheet.pdf and
a podcast was also made to communicate the project to a broader audience, available here:
https://preventioncentre.org.au/resources/tackling-the-pandemic-of-diabetes-in-pregnancy/.

Feedback and iteration
An important overarching theme derived from these findings was that of continual feedback
and iteration, in which decisions about model logic and structure were regularly re-visited as
new information became available. This is also represented in the configuration of Fig 2 in
which the processes of model development fit together as non-linear phases. For example, as
noted above, the process of participants viewing and discussing individual agent stories, and
engaging with results from the model, elicited additional information and developed new
forms of shared knowledge. This additional information and knowledge were then considered
for incorporation into the representation of causal pathways and other model components.
This led to further refinement of the model, and identified the need for additional evidence to
inform that refinement. The highly iterative nature of the participatory process resulted in
both challenges and opportunities that are discussed below.

Overcoming the challenges that arise from the participatory process
1. Tensions between model complexity and model simplicity
Desire for complexity and detailed representation—The expert participants had highly
evolved and detailed knowledge about many aspects of diabetes in pregnancy; including
disease aetiology, the technicalities of treatment and testing regimens, and complex health
service delivery. It was common for the conversations to go deeply into complex details,
for example, about service pathways, issues with diagnostic testing methods, and participation rates for screening. However, while such topics are important for real-world
service delivery, they were often too detailed to be captured in the model. Thus, an important challenge for the participatory model development process was to distinguish which
aspects of DIP were important to represent in detail, and which aspects could be left out
or represented in a more stylised, or simplified, way. It was important to address the
opportunity cost of including details and for the participants to prioritise only those
aspects that were essential for more detailed inclusion. These discussions considered the
extent to which the details would be needed to adequately represent intervention mechanisms, and their outcomes, and the likely pathways of impact for the prioritised policy
and practice questions. A road map analogy was an effective communication tool to facilitate these discussions, i.e. like a road map, the model needed to include essential landmarks to make it fit-for-purpose and did not need to include every tree or driveway along
the route. When particular details were considered important by some individuals but
could not be prioritised in the agreed scope of the model, they were recorded as opportunities for future model expansion in subsequent projects.
Desire for speed and simplicity—a contrasting challenge was the tension between developing a sophisticated and highly articulated model that could reliably and plausibly evaluate the interventions of interest to participants and their co-existing desire for a simpler,
faster model both in terms of development and running time. In these circumstances, the
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onus was on the core modelling group to balance this tension between complexity and
simplicity and determine the “minimal viable model”. The minimum viable model is the
simplest solution that has the requisite robustness, completeness and reliability to rigorously address the participant needs. These negotiations and decisions relied on the extensive knowledge and experience of the lead modeller to ensure that the model developed
was robust and rigorous considering these pressures.
2. Ensuring the model design and structure are appropriate
Decisions about how to represent prioritised factors in the model were challenging. An
early version of the model incorporated a simplified, statistical representation of the interaction between risk factors. For example, an individual’s probability of developing diabetes in pregnancy was programmed as increasing according to a linear correlation with
their count of risk factors. However, this representation was not dynamic, did not allow
for other important elements, such as the length of exposure to dysglycemia, lacked the
ability to robustly capture the effects of counter-factual interventions, and limited the use
of the model to explore the combination and interaction of intervention options in the
development of DIP. Later versions of the model used endogenous or latent variables to
represent the causal physiological mechanisms, thus allowing exploration of complex
interactions between risk factors, and the exploration of counterfactuals.
The use of endogenous or latent variables created challenges in the interpretation of model
outputs. For example, it was challenging on occasions when the model outputs didn’t produce
familiar or expected results, e.g. when the emergent outcomes were counterintuitive. This was
managed by identifying model outputs that could readily be checked against historic trends
and empirical evidence, which reassured the participants when the model reliably replicated
existing data. Unexpected results from the model also provided an opportunity to explore
the logic and assumptions of the model and make improvements. For example, model results
showed DIP incidence plateauing in contrast to the increasing rates observed in administrative
data, and this led to an investigation of possible explanations. The investigation explored
whether the plateau effect was due to the length of the ‘burn-in’ period used in the model and
different burn-in lengths were tested to assess their impact. The impact of the representation
of weight dynamics was also examined, leading to further changes as detailed in Vignette 3
below. Participant discussions regarding unexpected results also helped to identify quality
issues and anomalies affecting the administrative data used to determine historic trends. For
example, variations in the implementation of changes to the blood glucose standard used for
diagnosing diabetes in pregnancy and changes to diagnostic testing assays impacted historic
incidence rates leading to rapid increases. These artefactual increases resulted from process
changes rather than changes to the underlying population rate of diabetes in pregnancy and it
was important to consider this when assessing the model results against trends in administrative data.
Vignette 3: Challenges in representing weight dynamics
High weight status is an important and modifiable risk factor for the development of diabetes
in pregnancy. Weight status was identified in the initial problem conceptualisation and
included in model versions from the inception. The representation of weight status evolved significantly through the participatory model development process. Initially weight status was
represented as BMI categories in a state chart specifically characterising an individual as present in one of healthy weight, overweight and obese states. Each agent was assigned an initial
state based on an age and ethnicity specific distribution and transitions between states
occurred according to hazard rates. As the model evolved and interventions were prioritised,
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defined and quantified, it became evident that a more detailed representation of weight status
would be required.
The representation needed to capture:
• Intervention effects that resulted in weight loss for an agent but were insufficient to move
that agent from one BMI category to another i.e. a weight loss of five kilograms may reduce
an agents BMI by one or two units but may not move them from an obese to an overweight
state.
• Dynamics in weight status across the life course
• Population changes in weight distributions over time
• Impact of weight status on physiology underlying the development of diabetes in pregnancy,
particularly on insulin resistance, and distinct effects during and outside of pregnancy.
The representation of weight status was evolved to capture agent weight as a continuous variable
that changed dynamically with age and pregnancy events based on published evidence. An
agent’s weight status (BMI) impacts on their insulin sensitivity with increasing weight leading
to decreasing insulin sensitivity.
3. Deciding when the model is ready
Dynamic simulation models can always be further refined and improved. Another important challenge arising from the participatory process was achieving consensus on when
the results were “good enough” to inform decision making. This decision was primarily
informed by the following considerations:
1. Reliability—How reliably the model results matched historic data trends across a range
of indicators, including diabetes in pregnancy incidence overall and for important subgroups; population weight status categories over time; and general demographics such as
age structure.
2. Completeness—How satisfied the core modelling team were that they had captured the
most salient aspects of the issue in enough detail to robustly explore policy questions.
3. Experimentation—did the model produce plausible results during scenario testing of
interventions, i.e. did the simulated intervention scenarios producing results that had
face validity among participants who had extensive professional expertise in diabetes in
pregnancy and sound knowledge of relevant research?
4. Timing—having the model results ready in time to be used in policy dialogues.
5. Acceptability—Was there sufficient acceptance of the fidelity and plausibility of results
produced by the model among the expert participants? Were significant concerns raised
and adequately addressed?
4. Being transparent about uncertainty
It was also important to be transparent with participants about model uncertainty, for
example, differentiating parameters based on quality, comprehensive evidence and
those where the evidence was less certain. Sensitivity analyses determined how influential the parameters were on the model results. This information was shared with participants and discussions focused on either identifying new studies that could be utilised or
confirming that the evidence gaps still existed and were therefore a priority for future
research.
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Opportunities arising from the participatory process
The participants in this case study were nationally and internationally acknowledged experts
and included health professionals who were embedded in local service provision and policy
decision making. The participatory model development process included drawing on the participants’ networks to socialise the model to other decision makers, who had not been involved
in the process. The participants also identified opportunities for the model to be presented and
applied as a decision support tool for policy and programs. Through their professional networks, the participant group facilitated new relationships and useful leads for additional expertise and evidence to improve the model. Participants continued their engagement with the
model after the formal activities of the process were finalised and advocated for the model to
be used in policy decision making.
In summary, the participatory process resulted in a robust, highly transparent model with
an agile, responsive design. The multiple modes of engagement and interaction with participants provided a built-in peer review-like process to ensure that the model was valid and fit for
purpose. The network of participants involved in the project also facilitated the identification
of new priorities and opportunities for research and further model development.

Discussion
The primary goal of participatory dynamic simulation modelling is to provide decision support and facilitation in planning and policy contexts. The initial exploration of diabetes in
pregnancy conducted at the commencement of the model development process resulted in a
qualitative conceptual map that was complex, not yet well-defined, and of limited value for
guiding policy. Through a deliberative participatory process that included synthesis and
exchange of data and information, and iterative cycles of negotiation and refinement, a quantified decision support tool was developed. To fully understand and evaluate the rationale and
logic of an participatory modelling process, both the interaction among the model building
group, and the relationship between the participatory process and the decision context needs
to be described [25]. The key elements of an interdisciplinary, participatory approach to
develop a dynamic simulation model for diabetes in pregnancy included: determining the
focus topic; defining the model scope; iteratively refining the model structure and logic;
reviewing and using evidence; ensuring that the model was focused on priority policy questions; communicating results; and applying the model to inform health policy decision. The
decisions required were highly interactive; with participants engaged via multiple forums e.g.
workshops, web meetings, emails, and small group meetings. Participants identified important
sources of evidence to inform model parameters and assumptions. The professional networks
available through the participant groups ensured that the model was focused on current, priority policy questions and initiated opportunities for it to be applied in practice. Storytelling was
an effective strategy for facilitating participant understanding of the structure and logic of this
complex model and to communicate model results to a wider policy audience.
A new framework for reporting participatory modelling projects has been proposed within
the environmental modelling field as a tool to facilitate sharing of knowledge about the participatory process and stimulate innovation [25]. The 4Ps framework has highlighted the need to
describe “how” participants are involved in model development: firstly, to contribute to the
interpretation of models developed using participatory methods; and secondly, to facilitate
learning about participatory modelling tools and strategies [1, 25]. The 4Ps framework identifies purpose, process, partnerships and products as key dimensions of participatory modelling
projects and practices: (1) the Purpose for selecting a PM approach (the why); (2) the Process
by which the participants were involved in model building (the how); (3) the Partnerships that
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formed around different parts of the process (the who); and (4) the Products resulting from
these efforts (the what) [25]. Our analysis from the DIP case study falls within the Process
component of the 4 Ps framework in that it explored how the participants were involved in
the model building process. Three questions are raised in this component: What were the
characteristics of the interaction between the participants and the model? What was the level
of participation? What was the relationship between the participatory modelling and decisionmaking processes? [25]. We consider these questions below in relation to the DIP case study
and other modelling literature.

Contribution of expertise to develop and refine the model
Participant interactions contributed significant expertise and local context knowledge to the
development and refinement of the model. Advances in modelling software are improving the
visual representation of model components, making them easier to use, and more transparent
to stakeholders not trained in modelling [6, 42]. This facilitates a participatory process by
which the significant combined knowledge of expert groups can be applied to model development [6]. By repeatedly exposing and explaining the underlying model components in workshops and meetings, the participants in this case study were able to understand, analyse and
refine the overall logic and structure of the model. They were able to identify areas where more
detail was required or where assumptions could be improved. However, their involvement in
decision making about the type of modelling methods used was limited e.g. which factors to
represent using system dynamics vs agent-based modelling components. As health stakeholders become more experienced with dynamic simulation modelling, the potential will increase
for them to contribute to technical decision-making regarding modelling methods. The experience and knowledge developed by participants’ in this case study may enable them to even
more confidently and effectively contribute to future modelling projects.
Incorporating participatory processes in simulation modelling also facilitates learning by
building shared a understanding of the problem and potential solutions, and which is refined
with data and evidence through group interactions [36, 41, 74]. Through the exchange of
information, knowledge is shared, and new knowledge is created, leading to changes in understanding [25, 36]. The interdisciplinary dialogue facilitates the sharing of different types of
knowledge on critical issues from a range of perspectives [36, 44, 52].
The model developed in this case study utilised and integrated diverse evidence sources to
quantitatively operationalise a theory of the causal mechanisms of intergenerational, social,
cultural, economic and environmental factors that influenced behaviour and development of
diabetes in pregnancy based on the qualitative map developed interactively with participants.
Model assumptions and parameter values were derived through a process of evaluating and
critiquing the many sources of evidence, including those considered both at the top e.g. systematic reviews and meta-analyses, and the bottom, e.g. case reports, of traditional evidence
hierarchies [52, 75]. Integration and triangulation of evidence from systematic reviews, local
analytic studies, conceptual models, and expert and local knowledge was required to map and
quantify a broad range of complex public health issues [19, 52]. The model simulations allowed
robust examination of the logical and quantified consequences of the postulated dynamic
causal hypotheses and to test the impact of policy and planning decisions and counterfactuals
using experimentation.

Participants were highly engaged in the co-production process
Stakeholder input and acceptance are important factors in increasing the usefulness and application of models [25, 36, 42]. The degree of success of a participatory process can be discerned
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from stakeholders’ trust in modelers’ expertise and the amount and quality of information
they give, as well as whether they intend to use the model and will participate in future collaborations [36]. Most participants in the case study reported here remained highly engaged
throughout the project. They continued to contribute to discussions, attended meetings and
were responsive to email communications. The level of interest in the model and associated
communication products was high. Participants contributed advice on how to ensure the
model could be applied to high priority policy questions and identified opportunities to facilitate its use in this context.
Models cannot comprehensively reflect the real world as details need to be omitted and
boundaries defined around what is to be modelled [42, 71]. Highly-detailed models often
require more data than is available; take longer to develop; can be difficult to calibrate and
validate; and most importantly, they can be hard to understand [1, 42]. Both stakeholders and
modellers can struggle with determining the level of detail to include and get drawn into trying
to model reality instead of the decision essentials [42]. This challenge was evident throughout
this case study. The model scope and level of abstraction was frequently re-visited and needed
careful negotiation throughout the participatory process.

Participatory modelling facilitated the use of the model for decision
making
Finding effective strategies to communicate about both the model and the model results were
an important challenge in this project. Modelling to inform policy relies on clearly explaining
results, and their limitations, building confidence in the modelling process and outputs, and
ensuring that the outputs are appropriately used [42, 57]. Active collaboration builds confidence in the model and enlists local champions for its application [42, 57]. The participatory
process facilitated the identification of opportunities for making the model accessible to policy
audiences, and strategies to address likely communication challenges. Opportunities to use the
model to identify the policy options that were likely to have the greatest impact in local service
planning were proposed. Participants were also interested in using the model to test whether
highly advocated, but contested, interventions would be effective and or scalable to the population level.
Additional opportunities and potential applications of the model beyond the primary purpose of policy analysis were identified through the participatory interactions. For example,
participants proposed that the model could be used to inform health education messaging by
primary practitioners, such as demonstrating the risk of developing diabetes based on weight
status, and the positive impact of engaging in lifestyle modification. This messaging was
viewed as potentially leveraging women’s motivations to protect the health of their baby to
encourage them to reduce their own risk profile pre-pregnancy and maintain good glucose
control during pregnancy.

Conclusion
The model developed in this case study moved beyond qualitative system mapping to a sophisticated, rigorously quantified, multi-method dynamic simulation model which represents the
complex interrelationships underlying the development of diabetes in pregnancy. The challenges of the participatory process were outweighed by the benefits. The process allowed for
the contribution of participants’ extensive and rich understanding of the issues, which was
combined with the expertise of the modelling team to inform, analyse and refine the model
logic and structure. The core analytical objectives and decision-making themes reported in
this paper provide valuable insights for understanding and elucidating the process components
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of the 4Ps framework. Our analysis makes explicit the deep analytical work that occurs within
the workshops, interactions and meetings of the participatory process. Like the workings
underlying a clock face, the underpinning analytic processes are fundamental to participatory
model development, but not readily observed without ‘lifting the lid’ through systematic data
collection and analysis. In detailing the core analytical objectives and negotiations underpinning the participatory process, our findings provide unique insights for the planning and
reporting of future participatory modelling projects.

Supporting information
S1 Glossary.
(DOCX)

Acknowledgments
The authors acknowledge the valuable contributions of Professor Alison Kent who co-facilitated the three model development workshops and Ms Eloise O’Donnell, Mr Nick Roberts, Ms
Jacqueline Davison and Ms Christine Whittall who documented observations of model development workshops.
The authors also acknowledge the model development group participants for generously
contributing their time to participate in this study.

Author Contributions
Conceptualization: Louise Freebairn, Jo-An Atkinson, Paul M. Kelly, Geoff McDonnell, Lucie
Rychetnik.
Formal analysis: Louise Freebairn.
Methodology: Louise Freebairn, Lucie Rychetnik.
Project administration: Louise Freebairn.
Supervision: Jo-An Atkinson, Lucie Rychetnik.
Writing – original draft: Louise Freebairn.
Writing – review & editing: Louise Freebairn, Jo-An Atkinson, Nathaniel D. Osgood, Paul M.
Kelly, Geoff McDonnell, Lucie Rychetnik.

References
1.

Voinov A, Jenni K, Gray S, Kolagani N, Glynn PD, Bommel P, et al. Tools and methods in participatory
modeling: Selecting the right tool for the job. Environmental Modelling & Software. 2018; 109:232–55.
https://doi.org/10.1016/j.envsoft.2018.08.028

2.

Atkinson J-A, Page A, Wells R, Milat A, Wilson A. A modelling tool for policy analysis to support the
design of efficient and effective policy responses for complex public health problems. Implement Sci.
2015; 10(1):26. https://doi.org/10.1186/s13012-015-0221-5 PMID: 25889919

3.

Smith G, Wolstenholme E, McKelvie D, Monk D. Using System Dynamics in Modelling Mental Health
Issues in the UK. Using System Dynamics in Modelling Mental Health Issues in the UK. 2015.

4.

Auchincloss AH, Roux AV. A New Tool for Epidemiology: The Usefulness of Dynamic-Agent Models in
Understanding Place Effects on Health. Am J Epidemiol. 2008; 168(1):1–8. https://doi.org/10.1093/aje/
kwn118 PMID: 18480064

5.

Page A, Atkinson J-A, Heffernan M, McDonnell G, Prodan A, Osgood N, et al. Static metrics of impact
for a dynamic problem: The need for smarter tools to guide suicide prevention planning and investment.
Aust N Z J Psychiatry. 2018:1410470838. https://doi.org/10.1177/0004867417752866 PMID:
29359569

PLOS ONE | https://doi.org/10.1371/journal.pone.0218875 June 27, 2019

23 / 27

Turning conceptual systems maps into dynamic simulation models using participatory methods

6.

Osgood N. Frontiers in Health Modeling. In: El-Sayed A, Galea S, editors. Systems Science and Population Health. Oxford, United Kingdom: Oxford University Press; 2017. p. 191.

7.

Boyko JA, Riley BL, Willis CD, Stockton L, Zummach D, Kerner J, et al. Knowledge translation for realist
reviews: a participatory approach for a review on scaling up complex interventions. Health Research
Policy and Systems. 2018; 16(1). https://doi.org/10.1186/s12961-018-0374-1 PMID: 30348180

8.

Davies HTO, Powell AE, Nutley SM. Mobilising knowledge to improve UK health care: learning from
other countries and other sectors–a multimethod mapping study. Health Services and Delivery
Research. 2015; 3(27):1–190. https://doi.org/10.3310/hsdr03270 PMID: 26110190

9.

Contandriopoulos D, Lemire M, Denis JL, Tremblay E. Knowledge exchange processes in organizations and policy arenas: a narrative systematic review of the literature. Milbank Q. 2010; 88(4):444–83.
https://doi.org/10.1111/j.1468-0009.2010.00608.x PMID: 21166865

10.

Greenhalgh T, Wieringa S. Is it time to drop the ’knowledge translation’ metaphor? A critical literature
review. J R Soc Med. 2011; 104(12):501–9. Epub 2011/12/20. https://doi.org/10.1258/jrsm.2011.
110285 PMID: 22179293.

11.

Ward V, Smith S, House A, Hamer S. Exploring knowledge exchange: a useful framework for practice
and policy. Soc Sci Med. 2012; 74(3):297–304. https://doi.org/10.1016/j.socscimed.2011.09.021 PMID:
22014420.

12.

Riley B, Norman CD, Best A. Knowledge integration in public health: a rapid review using systems thinking. Evidence & Policy. 2012; 8(4):417–31. http://dx.doi.org/10.1332/174426412X660089.

13.

Kontos PC, Poland BD. Mapping new theoretical and methodological terrain for knowledge translation:
contributions from critical realism and the arts. Implement Sci. 2009; 4(1):1. https://doi.org/10.1186/
1748-5908-4-1 PMID: 19123945

14.

Best A, Holmes B. Systems thinking, knowledge and action: towards better models and methods. Evidence & Policy: A Journal of Research. 2010; 6(2):145–59. https://doi.org/10.1332/174426410X502284

15.

Hassmiller Lich K, Ginexi E.M., Osgood N D., Mabry P L. A Call to Address Complexity in Prevention
Science Research. Prev Sci. 2013; 14(3):279–89. https://doi.org/10.1007/s11121-012-0285-2 PMID:
22983746

16.

Luke DA, Stamatakis KA. Systems science methods in public health: dynamics, networks, and agents.
Annu Rev Public Health. 2012; 33:357–76. https://doi.org/10.1146/annurev-publhealth-031210-101222
PMID: 22224885.

17.

Huang TT, Drewnosksi A, Kumanyika S, Glass TA. A systems-oriented multilevel framework for
addressing obesity in the 21st century. Prev Chronic Dis. 2009; 6(3):A82. PMID: 19527584.

18.

Burke JG, Hassmiller Lich K, Neal JW, Meissner HI. Enhancing dissemination and implementation
research using systems science methods. International Journal of Behavioral Medicine. 2015; 22
(3):283–91. https://doi.org/10.1007/s12529-014-9417-3 PMID: 24852184

19.

Galea S, Riddle M, Kaplan GA. Causal thinking and complex system approaches in epidemiology. Int J
Epidemiol. 2010; 39(1):97–106. https://doi.org/10.1093/ije/dyp296 PMID: 19820105

20.

Mabry PLP, Marcus SEP, Clark PIP, Leischow SJP, Méndez DP. Systems Science: A Revolution in
Public Health Policy Research. Am J Public Health. 2010; 100(7):1161–3. https://doi.org/10.2105/
AJPH.2010.198176 PMID: 20530757.

21.

Meadows DH. Leverage points: Places to intervene in a system. Hartland, United States of America:
The Sustainability Institute, 1999.

22.

Sterman JD. Learning from evidence in a complex world. Am J Public Health. 2006; 96(3):505–14.
https://doi.org/10.2105/AJPH.2005.066043 PMID: 16449579

23.

Finegood DT, Merth T, Rutter H. Implications of the Foresight Obesity System Map for Solutions to
Childhood Obesity. Obesity. 2010; 18(S1). https://doi.org/10.1038/oby.2009.426 PMID: 20107455

24.

Friel S, Pescud M, Malbon E, Lee A, Carter R, Greenfield J, et al. Using systems science to understand
the determinants of inequities in healthy eating. PLoS ONE. 2017; 12(11). https://doi.org/10.1371/
journal.pone.0188872 PMID: 29190662

25.

Gray S, Voinov A, Paolisso M, Jordan R, BenDor T, Bommel P, et al. Purpose, processes, partnerships,
and products: four Ps to advance participatory socio-environmental modeling. Ecological Applications.
2018; 28(1):46–61. https://doi.org/10.1002/eap.1627 PMID: 28922513

26.

Hassenforder E, Smajgl A, Ward J. Towards understanding participatory processes: Framework, application and results. J Environ Manage. 2015; 157:84–95. https://doi.org/10.1016/j.jenvman.2015.04.012
PMID: 25884891

27.

Vennix JAM. Group model-building: tackling messy problems. System Dynamics Review. 1999; 15
(4):379–401.

28.

Epstein JM. Why model? Journal of Artificial Societies and Social Simulation. 2008; 11(4):12.

PLOS ONE | https://doi.org/10.1371/journal.pone.0218875 June 27, 2019

24 / 27

Turning conceptual systems maps into dynamic simulation models using participatory methods

29.

Sterman JD. All models are wrong: reflections on becoming a systems scientist. System Dynamics
Review. 2002; 18(4):501–31. https://doi.org/10.1002/sdr.261

30.

Voinov A, Kolagani N, McCall MK, Glynn PD, Kragt ME, Ostermann FO, et al. Modelling with stakeholders—Next generation. Environmental Modelling & Software. 2016; 77:196–220. https://doi.org/10.
1016/j.envsoft.2015.11.016

31.

Elsawah S, Pierce SA, Hamilton SH, van Delden H, Haase D, Elmahdi A, et al. An overview of the system dynamics process for integrated modelling of socio-ecological systems: Lessons on good modelling
practice from five case studies. Environmental Modelling & Software. 2017; 93:127–45. https://doi.org/
10.1016/j.envsoft.2017.03.001

32.

Hovmand PS. Community Based System Dynamics. New York, United States of America: Springer;
2014.

33.

Marshall N, Adger N, Attwood S, Brown K, Crissman C, Cvitanovic C, et al. Empirically derived guidance for social scientists to influence environmental policy. PLoS ONE. 2017; 12(3). https://doi.org/10.
1371/journal.pone.0171950 PMID: 28278238

34.

Radinsky J, Milz D, Zellner M, Pudlock K, Witek C, Hoch C, et al. How planners and stakeholders learn
with visualization tools: using learning sciences methods to examine planning processes. Journal of
Environmental Planning and Management. 2016:1–28. https://doi.org/10.1080/09640568.2016.
1221795

35.

Rouwette E, Korzilius H, Vennix J, Jacobs E. Modeling as persuasion: the impact of group model building on attitudes and behavior. System Dynamics Review. 2011; 27(1):1–21. https://doi.org/10.1002/sdr.
441

36.

Seidl R. A functional-dynamic reflection on participatory processes in modeling projects. Ambio. 2015;
44(8):750–65. https://doi.org/10.1007/s13280-015-0670-8 PMID: 25999270

37.

Senge PM. The fifth discipline: The art and practice of the learning organization: Broadway Business;
2006.

38.

Smajgl A, Ward J. A framework to bridge science and policy in complex decision making arenas.
Futures. 2013; 52:5258. https://doi.org/10.1016/j.futures.2013.07.002

39.

Voinov A, Bousquet F. Modelling with stakeholders. Environmental Modelling & Software. 2010; 25
(11):1268–81. https://doi.org/10.1016/j.envsoft.2010.03.007

40.

Hovmand PS, Andersen DF, Rouwette E, Richardson GP, Rux K, Calhoun A. Group Model-Building
‘Scripts’ as a Collaborative Planning Tool. Systems Research and Behavioral Science. 2012; 29
(2):179–93. https://doi.org/10.1002/sres.2105

41.

Luna-Reyes LF, Black LJ, Ran W, Andersen D, Jarman H, Richardson GP, et al. Modeling and Simulation as Boundary Objects to Facilitate Interdisciplinary Research. Systems Research and Behavioral
Science. 2018. https://doi.org/10.1002/sres.2564

42.

Gilbert N, Ahrweiler P, Barbrook-Johnson P, Narasimhan K, Wilkinson H. Computational Modelling of
Public Policy: Reflections on Practice. Journal of Artificial Societies and Social Simulation. 2018; 21(1).
https://doi.org/10.18564/jasss.3669

43.

Homer J, Hirsch G, Minniti M, Pierson M. Models for collaboration: how system dynamics helped a community organize cost-effective care for chronic illness. System Dynamics Review. 2004; 20(3):199–
222. https://doi.org/10.1002/sdr.295

44.

Bammer G. Should we discipline interdisciplinarity? Palgrave Communications. 2017; 3(1):30. https://
doi.org/10.1057/s41599-017-0039-7

45.

Hammond RA. Considerations and best practices in agent-based modeling to inform policy. 2015.

46.

Kislov R, Wilson PM, Knowles S, Boaden R. Learning from the emergence of NIHR Collaborations for
Leadership in Applied Health Research and Care (CLAHRCs): a systematic review of evaluations.
Implement Sci. 2018; 13(1):111. https://doi.org/10.1186/s13012-018-0805-y PMID: 30111339

47.

Rusoja E, Haynie D, Sievers J, Mustafee N, Nelson F, Reynolds M, et al. Thinking about complexity in
health: A systematic review of the key systems thinking and complexity ideas in health. J Eval Clin
Pract. 2018; 24(3):600–6. https://doi.org/10.1111/jep.12856 PMID: 29380477

48.

Davies HTO, Powell AE, Nutley SM. Mobilising knowledge to improve UK health care: learning from
other countries and other sectors—a multimethod mapping study Southampton (UK): NIHR Journals
Library, 2015.

49.

Wutzke S, Morrice E, Benton M, Wilson A. Systems approaches for chronic disease prevention: sound
logic and empirical evidence, but is this view shared outside of academia? Public Health Research &
Practice. 2016; 26(3). https://doi.org/10.17061/phrp2631632 PMID: 27421344

50.

Atkinson J-A, Knowles D, Wiggers J, Livingston M, Room R, Prodan A, et al. Harnessing advances in
computer simulation to inform policy and planning to reduce alcohol-related harms. Int J Public Health.
2018; 63(4):537–46. https://doi.org/10.1007/s00038-017-1041-y PMID: 29051984

PLOS ONE | https://doi.org/10.1371/journal.pone.0218875 June 27, 2019

25 / 27

Turning conceptual systems maps into dynamic simulation models using participatory methods

51.

Freebairn L, Rychetnik L, Atkinson J-A, Kelly P, McDonnell G, Roberts N, et al. Knowledge mobilisation
for policy development: implementing systems approaches through participatory dynamic simulation
modelling. Health research policy and systems. 2017; 15(1):83. https://doi.org/10.1186/s12961-0170245-1 PMID: 28969642

52.

O’Donnell E, Atkinson J-A, Freebairn L, Rychetnik L. Participatory simulation modelling to inform public
health policy and practice: Rethinking the evidence hierarchies. J Public Health Policy. 2017:1–13.
https://doi.org/10.1057/s41271-016-0061-9 PMID: 28386099

53.

Atkinson J-A, O’Donnell E, McDonnell G, Mitchell J, Freebairn L, Indig D, et al. Dynamic simulation
modelling of policy responses to reduce alcohol-related harms: rationale and procedure for a participatory approach. Public Health Research & Practice. 2017; 27(1). https://doi.org/10.17061/phrp2711707
PMID: 28243673

54.

Freebairn L, Atkinson J, Kelly P, McDonnell G, Rychetnik L. Simulation modelling as a tool for knowledge mobilisation in health policy settings: a case study protocol. Health Research Policy and Systems.
2016; 14(1):71. https://doi.org/10.1186/s12961-016-0143-y PMID: 27654897

55.

Roberts N, Li V, Atkinson JA, Heffernan M, McDonnell G, Prodan A, et al. Can the Target Set for
Reducing Childhood Overweight and Obesity Be Met? A System Dynamics Modelling Study in New
South Wales, Australia. Systems Research and Behavioral Science. 2018. https://doi.org/10.1002/
sres.2555

56.

Atkinson JA, Prodan A, Livingston M, Knowles D, O’Donnell E, Room R, et al. Impacts of licensed premises trading hour policies on alcohol-related harms. Addiction. 2018.

57.

Freebairn L, Atkinson J-A, Kelly PM, McDonnell G, Rychetnik L. Decision makers’ experience of participatory dynamic simulation modelling: methods for public health policy. BMC Med Inform Decis Mak.
2018; 18(1):131. https://doi.org/10.1186/s12911-018-0707-6 PMID: 30541523

58.

Alberti K, Zimmet PZ, Consultation WHO. Definition, diagnosis and classification of diabetes mellitus
and its complications. Part 1: diagnosis and classification of diabetes mellitus provisional report of a
WHO consultation. Diabetic medicine: a journal of the British Diabetic Association. 1998; 15(7):539–53.
https://doi.org/10.1002/(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S

59.

Bain E, Crane M, Tieu J, Han S, Crowther CA, Middleton P. Diet and exercise interventions for preventing gestational diabetes mellitus. The Cochrane Library. 2015. https://doi.org/10.1002/14651858.
CD010443.pub2 PMID: 25864059

60.

ACT Health Directorate. HealthStats ACT Canberra: ACT Government; [cited 2018 14 December
2018]. https://stats.health.act.gov.au/.

61.

Crowther C, A., Hiller J, E., Moss J, R., McPhee A, J., Jeffries W, S., Robinson J, S. Effect of Treatment
of Gestational Diabetes Mellitus on Pregnancy Outcomes. The New England Journal of Medicine.
2005; 352(24):2477–86. https://doi.org/10.1056/NEJMoa042973 PMID: 15951574

62.

Silverman BL, Metzger BE, Cho NH, Loeb CA. Impaired Glucose Tolerance in Adolescent Offspring of
Diabetic Mothers: Relationship to fetal hyperinsulinism. Diabetes Care. 1995; 18(5):611–7. https://doi.
org/10.2337/diacare.18.5.611 PMID: 8585997

63.

Bellamy L, Casas J-P, Hingorani AD, Williams D. Type 2 diabetes mellitus after gestational diabetes: a
systematic review and meta-analysis. The Lancet. 2009; 373(9677):1773–9. https://doi.org/10.1016/
S0140-6736(09)60731-5

64.

Kim C, Newton KM, Knopp RH. Gestational diabetes and the incidence of type 2 diabetes: a systematic
review. Diabetes Care. 2002; 25(10):1862–8. https://doi.org/10.2337/diacare.25.10.1862 PMID:
12351492

65.

Nankervis A, McIntyre H, Moses R, Ross G, Callaway L, Porter C, et al. ADIPS consensus guidelines
for the testing and diagnosis of gestational diabetes mellitus in Australia. Modified June. 2014.

66.

International Association of Diabetes and Pregnancy Study Group Consensus Panel. International
Association of Diabetes and Pregnancy Study Groups Recommendations on the Diagnosis and Classification of Hyperglycemia in Pregnancy. Diabetes Care. 2010; 33(3):676–82. https://doi.org/10.2337/
dc09-1848 PMID: 20190296

67.

Lapolla A, Metzger BE. The post-HAPO situation with gestational diabetes: the bright and dark sides.
Acta Diabetol. 2018:1–8.

68.

Schaefer-Graf U, Napoli A, Nolan CJ. Diabetes in pregnancy: a new decade of challenges ahead. Diabetologia. 2018; 61(5):1012–21. https://doi.org/10.1007/s00125-018-4545-y PMID: 29356835

69.

Lane DC, Sterman JD. A model simulator: The lives of Jay W Forrester. Journal of Simulation. 2017:1–
8. https://doi.org/10.1080/17477778.2017.1404205

70.

Bonabeau E. Agent-based modeling: Methods and techniques for simulating human systems. Proceedings of the National Academy of Sciences. 2002; 99(Supplement 3):7280–7. https://doi.org/10.1073/
pnas.082080899 PMID: 12011407

PLOS ONE | https://doi.org/10.1371/journal.pone.0218875 June 27, 2019

26 / 27

Turning conceptual systems maps into dynamic simulation models using participatory methods

71.

Borshchev A. The Big Book of Simulation Modeling: Multimethod Modeling with AnyLogic 6. Chicago:
AnyLogic North America; 2013.

72.
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